ABSTRACT. Upon cell division, not only cells themselves but also their organelles undergo drastic shape changes, although the behaviors of organelles other than the Golgi apparatus remain poorly understood. We followed the spatiotemporal changes in the localization of transferrin receptor (TfnR) and other proteins. In early mitotic phases, a population of proteins cycling through the endocytic recycling compartment (ERC) exhibits a distinct spatiotemporal change from that of Golgi proteins. In prophase/prometaphase, when the cell surface-to-volume ratio is reaching its minimum, the ERC proteins are transiently assembled around the centrated centrosome in a microtubule-and dynein-dependent manner, and soon separated polewards into two clusters concomitant with separation of duplicated centrosomes. Electron microscopic analysis revealed that endosomal vesicles containing endocytosed transferrin cluster tightly around centrosomes without fusing with one another. As cytokinesis proceeds, the clusters gradually collapse, and the ERC proteins reassemble around the furrowing equatorial region. FRAP (fluorescence recovery after photobleaching) analyses of EGFP-TfnR-expressing cells revealed minimal membrane exchange between the endosomal clusters and other cellular compartments until anaphase/ telophase, when membrane traffic resumes. Our observations indicate that ERC clustering around centrosomes plays a fundamental role in restricting membrane delivery to the plasma membrane during early mitotic phases, when the cell surface-to-volume ratio reaches its minimum.
). For example, in interphase cells, the Golgi apparatus is located in the perinuclear region, but in prophase/prometaphase it is fragmented and/or absorbed into the endoplasmic reticulum (AltanBonnet et al., 2004; Colanzi et al., 2003; Shorter and Warren, 2002) . In each daughter cell part, two Golgi assemblies are formed in telophase, one near the spindle pole and the other near the minus end of the central spindle; these join each other to reconstitute a single Golgi stack as cytokinesis proceeds to completion (Gaietta et al., 2006; Seemann et al., 2002) . In contrast, the behaviors of other organelles during cell division have been poorly characterized. Endocytic compartments are thought to undergo ordered partitioning similar to that of the Golgi (Dunster et al., 2002; Montagnac et al., 2008 Montagnac et al., , 2009 Schweitzer et al., 2005; Simon et al., 2008) , although this process has not been precisely described.
In this study, we examined the localization of various marker proteins during mitosis. We found that in early mitotic phases, proteins transported through the endocytic recycling compartment (ERC) exhibit a characteristic spatiotemporal change, quite different from that of Golgiresident proteins. In prophase, a tight cluster of endosomal vesicles is transiently formed in a microtubule-and dyneindependent manner around the centrosome at the cell center. This transient structure is subsequently separated into two clusters as the duplicated centrosomes are separated polewards. The endosomal clusters undergo minimal membrane exchange with other membrane compartments until anaphase/ telophase, indicating that membrane traffic to and from these endosomal clusters is suppressed until that time.
These observations support the view that the endosomal clustering plays a fundamental role in temporal restriction of membrane delivery to the plasma membrane during early phases of mitosis, when the cell surface-to-volume ratio reaches its minimum.
Materials and Methods

Antibodies and reagents
Sources of antibodies used in the present study were as follows: monoclonal mouse anti-GalT (Kawano et al., 1994) , provided by Tatsuo Suganuma (University of Miyazaki); polyclonal rabbit anti-TGN46 (Kain et al., 1998) , provided by Minoru Fukuda (SanfordBurnham Medical Research Institute); monoclonal rat anti-α-tubulin, Abcam; monoclonal mouse anti-β-tubulin, Millipore; monoclonal mouse anti-γ-tubulin, Sigma-Aldrich; monoclonal mouse anti-TfnR, Zymed; polyclonal rabbit anti-giantin, COVANCE; polyclonal rabbit anti-NuMA, Cell Signaling; monoclonal mouse anti-EEA1, anti-Lamp-1, anti-syntaxin 6, and anti-Vti1a, BD Biosciences; AlexaFluor-conjugated Tfn and secondary antibodies, Molecular Probes; horseradish peroxidase-conjugated Tfn, Jackson ImmunoResearch Laboratories; nocodazole and S-trityl-L-cysteine, Sigma-Aldrich.
Plasmids
Expression vectors for human DMT1-I and -II tagged N-terminally with enhanced green fluorescent protein (EGFP) (Tabuchi et al., 2002) were provided by Mitsuaki Tabuchi (Kagawa University). An expression vector for human TfnR tagged C-terminally with EGFP was constructed by subcloning the entire coding sequence of human TfnR into the pEGFP-N3 vector (Clontech). An expression vector for FLAG-tagged dynamitin (Hirose et al., 2004) was provided by Mitsuo Tagaya (Tokyo University of Pharmacy). A LactC2 cDNA fragment (Uchida et al., 2011) (provided by Hiroyuki Arai, University of Tokyo) was initially subcloned into pcDNA3-mRFP (provided by Roger Tsien). The mRFP-LactC2 cDNA fragment was then amplified by polymerase chain reaction from pcDNA3-mRFP-LactC2 and cloned into the pGEX-6P-1 vector (GE Healthcare).
Plasmids for production of replication-defective, self-inactivating lentiviral vectors, pRRLsinPPT, and packaging plasmids (pRSV-REV, pMD2.g, and pMDLg/pRRE) (Thomas et al., 2009) were kindly provided by Peter McPherson (McGill University). A destination cassette from pcDNA3.2/V5-DEST (Invitrogen) was inserted into pRRLsinPPT in order to convert it to a Gateway system destination vector, and the resultant plasmid was named pRRLsinPPT-DEST. A plasmid vector for lentiviral production of human TfnR tagged with MEF (Myc-TEV-Flag; provided by Toshiaki Isobe, Tokyo Metropolitan University) (Ichimura et al., 2005) and EGFP was described previously (Takahashi et al., 2012) . The resulting plasmid, pRRLsinPPT-MEF-TfnR-EGFP, was used for lentiviral vector production.
Lentiviral vector production and establishment of cell lines stably expressing MEF-TfnR-EGFP pRRLsinPPT-MEF-TfnR-EGFP was transfected into HEK293FT cells (Invitrogen) using Polyethylenimine Max (Polysciences) together with the packaging plasmids (pRSV-REV, pMD2.g, and pMDL/pRRE). Transfection mix was replaced with fresh culture medium at 8 hr after transfection. Samples of culture medium containing the lentiviral vector were collected at 24, 36, and 48 hr after transfection, passed through a 0.45 μm filter (Millipore), and centrifuged at 32,000×g at 4°C for 4 hr using an R15A rotor and Himac CR22G centrifuge (Hitachi Koki). The precipitated viral vector was resuspended in minimal essential medium.
A HeLa cell line stably expressing MEF-TfnR-EGFP, HeLa (MEF-TfnR-EGFP), was established as described previously (Takahashi et al., 2012) .
Preparation of recombinant mRFP-LactC2
The mRFP-LactC2 fused to the C-terminus of glutathione Stransferase were expressed in Escherichia coli BL21-Codon Plus (DE3) cells (Stratagene) by treatment with 0.1 mM Isopropyl β-D-thiogalactopyranoside overnight at 20°C. The protein was purified in a single step on a glutathione-Sepharose 4B column followed by cleavage of the GST portion with PreScission protease (GE Healthcare).
Cell culture, RNA interference, immunofluorescence analysis, and time-lapse recording HeLa cells cultured in minimal essential medium supplemented with 10% fetal bovine serum were transfected with an appropriate expression vector(s) using the FuGENE6 transfection reagent (Roche Applied Science) and incubated for 24-48 hr before analyses. For immunofluorescence analyses, cells were fixed, permeabilized, and stained with antibodies as described previously (Shin et al., 2005 (Shin et al., , 2004 , and observed with an Axiovert 200 M microscope or a PASCAL confocal microscope (Carl Zeiss). For time-lapse analyses, an A1R-MP confocal microscope (Nikon) was used. Images acquired were analyzed using MetaMorph (Molecular Devices) software. High-speed confocal microscopy was performed using a Nipkow disc confocal laser scanning unit (Yokogawa, CSU22) as described previously (Kobayashi and Murayama, 2009) . For FRAP (fluorescence recovery after photobleaching) analyses, cells were incubated in HEPES-buffered modified Eagle's medium and placed on a microscope stage that had been prewarmed at 37°C. The cells were observed and bleached using an FV1000D confocal system on an inverted IX81 microscope (Olympus). To visualize FRAP of TfnR-EGFP, images were acquired sequentially every 30 sec.
Electron microscopy
Incubation of cells with HRP-conjugated transferrin, and subsequent incubation with diaminobenzidine and H2O2 were performed as described previously (Takahashi et al., 2012) . Samples were fixed with 2% glutaraldehyde-2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2), and processed for conventional electron microscopy as described previously (Waguri et al., 1999) .
Results
Accumulation around centrosomes of proteins trafficking through the ERC
By comparing localizations of a variety of organelle markers with those of Golgi proteins in various mitotic phases, we found that transferrin receptor (TfnR) exhibits a characteristic spatiotemporal change that is completely different from that of a Golgi protein, giantin ( Fig. 1A ; also see Fig. 7 ). In a large fraction of mitotic HeLa cells, a TfnR-positive cluster is transiently formed around the centrated centrosome in prophase, and is subsequently separated into two clusters (green arrows) as the duplicated centrosomes are separated into the two hemispheres. As cytokinesis proceeds, the clusters gradually collapse. In contrast, the Golgi apparatus, depicted by giantin staining, remains disassembled/fragmented prior to the onset of cytokinesis, when it forms two assemblies in each dividing cell part, one near the spindle pole and the other near the minus end of the central spindle (red arrows) (Gaietta et al., 2006; Seemann et al., 2002) . A TfnR chimera, in which TfnR is fused to EGFP, also forms such clusters around spindle poles when expressed in HeLa cells ( Fig. 1B and Video S1). Time-lapse analysis of cells stably expressing TfnR-EGFP showed that a TfnR-EGFPpositive cluster is very transiently formed at the cell center in prophase and is soon separated polewards into two clusters ( Fig. 1C and Video S2); the initial clustering appears to serve as a cue for the subsequent separation (see Discussion). Next, the clusters near the spindle poles gradually collapse as new assemblies are formed around the furrowing equatorial region (Video S3, and Video S4, left). Furthermore, three-dimensional time-lapse imaging revealed that the initial formation of the TfnR-EGFP-positive cluster at the cell center, as well as the subsequent commencement of separation into two clusters, takes place as the cell approaches a spherical shape ( Fig. 1D and Video S3). Clustering of TfnR around mitotic centrosomes is also detectable in various cell lines, including monkey kidney COS-1 cells, human cervical epithelial HEp-2 cells, human hepatoma Huh-7 cells, and rat Clone 9 hepatocytes (Fig. S1) .
We examined the distribution of various Golgi and endosomal proteins during cell division, but failed to detect accumulation around mitotic centrosomes of many Golgi and endosomal proteins, including β-COP, GM130, GalT, golgin-245, EEA1, and Lamp-1 (Fig. 2) . On the other hand, Vti1a, syntaxin 6, syntaxin 16, and TGN46 were often clustered around centrosomes (Fig. 2) . The former three proteins are Q-SNAREs involved in retrograde transport from the ERC to the trans-Golgi network (TGN) (Mallard et al., 2002; Nishimoto-Morita et al., 2009) ; TGN38/46 is endocytosed from the cell surface to the TGN through the ERC (Ghosh et al., 1998; Maxfield and McGraw, 2004) , although at steady state it is predominantly found on the TGN. We therefore reasoned that the TfnR cluster around each spindle pole represents a subpopulation or derivative of the ERC.
To confirm that the cluster is indeed derived from the ERC, we exploited a recent observation that phosphatidylserine (PS) is enriched in membranes of the ERC (Uchida et al., 2011) ; PS was detected using a PS-specific probe, the C2 domain of lactadherin (LactC2). As shown in Fig. 3A , throughout the phases of mitosis, the TfnR-EGFP signals almost completely overlap with those labeled with mRFP-LactC2, although mRFP-LactC2 also labels other intracellular structures. To further confirm that the clusters around mitotic centrosomes represent the ERC, we compared the distributions of the type I and type II isoforms of divalent metal transporter 1 (DMT1) during mitosis. The DMT1-I and -II isoforms are generated via alternative splicing of the 3'-terminal exon, which contains an ironresponsive element; the two isoforms differ from each other only in the cytoplasmic tail sequence. DMT1-I and -II are localized primarily to late endosomes/lysosomes and the ERC, respectively (Tabuchi et al., 2002) ; DMT1-II is responsible for transport across endosomal membranes of iron internalized via the Tfn-TfnR complex (Tabuchi et al., 2002) . As shown in Fig. 3 , B and C, EGFP-DMT1-II formed clusters that overlapped completely with those of TfnR (B), whereas EGFP-DMT1-I remained scattered as cytoplasmic puncta in early mitotic phases (C). Taken together, these data suggest that the cluster around each spindle pole centrosome represents a subpopulation of the ERC. Hereafter, we refer to the clustered structure as CReSCent (for Cluster of Recycling compartments around Spindle pole Centrosome).
CReSCent is inactive in terms of membrane traffic
We next characterized the CReSCent from the viewpoint Three-dimensional analysis of TfnR-EGFP localization. Using an A1R-MP confocal microscope, images were acquired from HeLa cells stably expressing TfnR-EGFP; a three-dimensional image including a metaphase cell was constructed. A still image from Video S1 is shown. (C) Time-lapse analysis of spatiotemporal change in the localization of TfnR-EGFP. HeLa cells expressing TfnR-EGFP were subjected to time-lapse recording using a confocal microscope. Representative frames from Video S2 are shown. (D) Three-dimensional time-lapse analysis of spatiotemporal changes in the localization of TfnR-EGFP. HeLa cells expressing TfnR-EGFP were subjected to time-lapse recording using the A1R-MP confocal microscope. A representative frame from Video S3 is shown.
of membrane traffic. AlexaFluor555-Tfn internalized in advance is accessible to the CReSCent structures (Fig. 4A) , confirming that the CReSCent represents an endosomal compartment. To examine whether the CReSCent is active in terms of membrane traffic, we performed a FRAP analysis of TfnR-EGFP-expressing cells that had been incubated in the presence of AlexaFluor555-Tfn. As shown in Fig. 4B and Video S4, when the TfnR-EGFP signal on one of the two CReSCent structures in a metaphase cell is photobleached (indicated by an arrow), the TfnR-EGFP signal does not detectably recover, and already internalized AlexaFluor555-Tfn appears to be inaccessible to the CReSCent structure until telophase (circled). Soon after signal recovery, the tight CReSCent structures collapse as TfnR-EGFP reassembles around the cleavage plane. Furthermore, endocytosed fluorescent Tfn becomes detectable on the CReSCent structures concurrent with the recovery of the TfnR-EGFP signal (circled). These observations indicate that in early mitotic phases very little, if any, membrane exchange takes place between the CReSCent and other cellular compartments, including the other CReSCent structure on the opposite pole, even though Tfn endocytosis is also reduced in these phases (Schweitzer et al., 2005) .
CReSCent consists of two crescent-like clusters of endosomal vesicles
As shown in Fig. 5A , the CReSCent structures positive for TfnR-EGFP often resemble a ring surrounding each centrosome. These structures are closer to the centrosomes (γ-tubulin signals) than NuMA, which is required for focusing the minus ends of spindles (see Fig. 5E ). Closer inspection by confocal microscopy and construction of three-dimensional images revealed that the CReSCent is composed of twin crescents around the centrosome (Fig. 5B) . To examine the structure at the electron-microscopic level, HeLa cells were allowed to internalize with horseradish peroxidase (HRP)-conjugated Tfn and treated with diaminobenzidine and H2O2. Tfn-positive vesicles were clustered around the centrosomes as well as scattered throughout the cytoplasm (Fig. 5C ). These vesicles were small, with a diameter of approximately 40-60 nm, in good agreement with the diameter of recycling endosomal vesicles determined in a previous study (Sachse et al., 2002) . Tfn-positive structures larger than 100 nm were rarely observed, and adjacent serial sections contained the same vesicle clusters (Fig. 5D ), indicating that these vesicles remained clustered without fusing with one another.
Microtubule-and dynein-dependent, centripetal movement of vesicles results in CReSCent formation
Our immunofluorescence (Fig. 1A) and time-lapse (Fig. 1C and Video S2) analyses suggested that formation of a CReSCent structure initially occurs before separation of duplicated centrosomes. In addition, when TfnR-EGFPexpressing cells were treated with S-trityl-L-cysteine, an inhibitor of Eg5/KIF11, to induce monopolar spindles by inhibiting separation of duplicated centrosomes (Skoufias et al., 2006) , TfnR clustering was still evident (Fig. 6A) , confirming that formation of bipolar spindles is not a prerequisite for CReSCent formation.
We then set out to investigate what determines positioning of the CReSCent structure around the centrosomes. One possibility is that vesicles accumulate around centrosomes by interacting with either centrosomes per se or pericentrosomal materials. Another possibility is that vesicles accumulate around the centrosome via microtubule-dependent movement. To discriminate between these possibilities, we exploited experimental conditions in which varying concentrations of microtubule-depolymerizing drugs, such as nocodazole, arrest mitotic HeLa cells to a similar extent in metaphase, but have differential effects on microtubule organization (Jordan et al., 1992) .
When HeLa cells are treated with 0.1 μM nocodazole for 16 hr, spindles are largely monopolar, and a TfnR-EGFPpositive cluster is formed at the γ-tubulin-positive center of the spindle assemblies in metaphase-arrested cells (Fig. 6B , left column, and Video S5). After removal of the drug, the single cluster is separated polewards into two CReSCent structures as the cells are released from metaphase arrest (Video S6). When treated with 1.0 μM nocodazole, some cells contain several aggregates of short tubulin polymers, and a TfnR-EGFP-positive cluster is formed at the center of each aggregate even though the cluster lacks a γ-tubulin signal (Fig. 6B, middle column) . When cells are treated with 3.3 μM or higher concentrations of nocodazole, neither tubulin polymers nor TfnR-EGFP-positive clusters are formed (Fig. 6B , right column, and Video S7). These observations indicate that TfnR-EGFP-positive vesicles accumulate at the minus ends of spindle microtubules, rather than around the centrosome, probably via centripetal movement.
In order to more directly demonstrate the centripetal movement of vesicles, we then performed high-speed and high-resolution analysis using a spinning disc confocal microscope. To this end, we incubated cells with AlexaFluor555-Tfn to allow its internalization and followed its movement. As shown in Fig. 6C and Video S8, at the end of G2 phase or in prophase, centripetal movement of Tfn-positive vesicles towards the centrosome position, probably along micro- HeLa cells expressing TfnR-EGFP were subjected to internalization of AlexaFluor555-Tfn and processed for immunofluorescence analysis with anti-α-tubulin antibody. Images were acquired from cells in various mitotic phases and arranged in temporal order. Bar, 5 μm. (B) FRAP analysis of Tfn-EGFP signal around the CReSCent in a cell incubated with AlexaFluor555-Tfn. The signal around one of the two CReSCent structures in a dividing cell was bleached at time=0, and fluorescence recovery was followed by time-lapse recording. Representative frames from Video S4 are shown.
tubules, is more prevalent than centrifugal movement in the central region of the cell. In contrast, in the peripheral region, the direction of movement is essentially random. Taken together, these data suggest that the CReSCent structure is formed by centripetal/minus end-directed movement along spindle microtubules and subsequent accumulation of endosomal vesicles near centrosomes.
We next examined whether the minus-end directed motor, dynein, is responsible for CReSCent formation. For this purpose, we exploited the fact that overexpression of the dynamitin subunit of the dynactin complex causes disassembly of the complex and results in disruption of dyneindependent maintenance of various compartments in the perinuclear region (Burkhardt et al., 1997; Echeverri et al., 1996) . As shown in Fig. 6D and Video S9, cells transfected with an expression vector for FLAG-tagged dynamitin (red arrow) did not form typical CReSCent structures and remained spherical at least 4 hr after the cell had become a spherical shape, while non-transfected cells (blue arrow) completed cytokinesis within 1.5 hr after the cells had become a spherical shape. These observations together indicate that dynein is involved in CReSCent formation.
Discussion
In this study, we have shown that during mitosis, the ERC exhibits a characteristic spatiotemporal change quite different from that of the Golgi apparatus, particularly in early mitotic phases (Fig. 7) . We have also shown that between metaphase and telophase, the ERC forms a tight cluster, which we have designated CReSCent, around each spindle pole centrosome (Fig. 5E and Fig. 7) . The CReSCent structure is composed of twin crescent-like clusters of endosomal vesicles (Fig. 5B-E) . The CReSCent undergoes minimal membrane exchange with other compartments, including the other CReSCent structure on the opposite pole, until anaphase/telophase, when endocytosed Tfn becomes accessible to it (Fig. 4B and Video S4). During cytokinesis, TfnR, along with endocytosed Tfn, reassembles around the furrowing equatorial region (Fig. 4A and 4B , and Video S4), suggesting that delivery of endosomal membranes from the CReSCent to a cellular region where dynamic membrane remodeling occurs may play a critical role in cytokinesis.
Previous work performed more than a quarter century ago suggested that Tfn recycling is suppressed during mitosis (Sager et al., 1984; Warren et al., 1984) . Furthermore, a more recent study showed that suppression of recycling of internalized membranes and proteins during metaphase is well correlated with reduction in the cell surface area and surface expression of membrane proteins (Boucrot and Kirchhausen, 2007) . It is therefore likely that the clustered endosomal vesicles in a dividing cell play a fundamental role in restriction of cell surface area by serving as transient membrane reservoirs. Furthermore, the CReSCent structures may play a role in sequestering specific proteins, such as SNAREs (Fig. 2) , that are required for membrane deliv- ery and/or fusion during late telophase and cytokinesis, when cells undergo dramatic shape changes.
Endosomal vesicles are clustered very transiently at the cell center, within a relatively short period of prophase, and the endosome clustering around the centrated centrosome appears to serve as the cue for subsequent poleward separation of the initial single cluster into two distinct clusters ( Fig. 1C and Video S3); this is consistent with a notion that centrosome centration is a fundamental requirement for symmetric division in animal cells (Kimura and Kimura, 2011) . Open questions remain regarding how the ERC selectively clusters during mitosis and how membrane traffic is turned on and off at this compartment. In this context, we have shown that, in early mitotic phases, CReSCent is formed in a microtubule-and dynein-dependent manner. Furthermore, we observed, by spinning disc confocal microscopy, bidirectional movement of endosomal vesicles at the end of G2 phase and in prophase, particularly in the peripheral region (Video S8). However, a subpopulation of endosomal vesicles moves in a centripetal manner in the central region (Fig. 6C) , although many other vesicles move bidirectionally. In line with our observations, it has recently been reported that a small bias toward centripetal vs. centrifugal movements is sufficient for accumulation of endosomal vesicles around the centrosome (Kimoto et al., 2009) .
By contrast, in late mitotic phases, endosomal vesicles positive for TfnR and endocytosed Tfn are delivered to the equatorial region ( Fig. 4A and 4B , and Video S4), suggesting involvement of plus end-directed kinesin motors. A recent study has provided evidence that switching between kinesin-1 and dynactin-dynein motors controls trafficking of endosomal vesicles in and out of the intercellular bridge and is required for proper cytokinesis (Montagnac et al., 2009) . Although bidirectional cargo transport along microtubule tracks is the subject of intense debate and several models have been proposed for regulation of bidirectional organelle motility, plus-and minus-end directed motors on a single cargo work together to switch directions in all the models (Jolly and Gelfand, 2011; Welte, 2010) . It is a future issue to be addressed what reciprocally regulates the activities of the plus-and minus-end directed motors during mitosis. Fig. 7 . Schematic representation of spatiotemporal changes in the distribution of the ERC and the Golgi apparatus during mitosis. In interphase HeLa cells, Golgi stacks are localized in the perinuclear region, while the punctate ERC structures are scattered throughout the cytoplasm. In prophase, the Golgi is fragmented or fused with the endoplasmic reticulum, while the ERC starts accumulating around the centrosome. From prometaphase through anaphase, the Golgi remains fragmented, while the ERC clusters around spindle pole centrosomes. In telophase, the Golgi starts forming two assemblies in each dividing part, around spindle pole centrosome and near the central spindle, while the CReSCent structures of the ERC start collapsing. During cytokinesis, the Golgi assemblies are unchanged with respect to the positioning, while the ERC accumulates near the central spindle and within the intercellular bridge. After abscission, two Golgi assemblies are united to form one perinuclear structure, while the ERC is scattered as vesicles throughout the cytoplasm.
